The phase stability of the amorphous phase against electron irradiation and the crystallization behavior under electron irradiation were investigated in Zr-Cu based metallic glasses. The phase stability of the amorphous phase against thermal crystallization, i.e., thermal stability was evaluated by the temperature range of supercooled liquid region (ÁT x ). The ÁT x values for Zr 66:7 Cu 33:3 , Zr 65:0 Al 7:5 Cu 27:5 and Zr 65:0 Al 7:5 Ni 10:0 Cu 17:5 alloys were 54 K, 89 K and 119 K, respectively. The amorphous phase of Zr-Cu based metallic glasses was not stable under electron irradiation. The crystallization of fcc-Zr 2 Cu phase was accelerated by electron irradiation instead of bct-Zr 2 Cu phase which appeared during thermal annealing. The increase in the thermal stability of the amorphous phase is effective for the decrease in the crystallization rate under electron irradiation, but not always effective in suppressing the occurrence of electron irradiation induced crystallization.
Introduction
Recently, new amorphous alloys called metallic glasses have been found in Mg-, 1) Lanthanide-, 2) Zr-, 3, 4) Fe-, 5) PdCu-, 6) Ti-, 7) Ni-, 8) Co- 9) and Cu- 10) based alloys. Among them, Zr-Cu based metallic glasses have been of great interest as a candidate of structural materials because of their unique mechanical properties and an extremely wide supercooled liquid region. In fact, some Zr-Cu based metallic glasses such as Zr 55 Al 10 Ni 5 Cu 30 bulk amorphous are applied for the part of golf club. 11) More recently, it was found that Zr-Cu based metallic glasses could form the nanocrystalline structure through crystallization of the amorphous phase by thermal annealing. Furthermore, Zr-Cu based nanocrystalline alloys prepared by thermal crystallization of the amorphous phase revealed superior mechanical properties. 12, 13) However, the expansion of a supercooled liquid region induces high phase stability of the glassy phase against thermal crystallization and results in an increase in crystallization temperature and/or change in crystallization mode to the eutectoid like reaction. These phenomena lead the difficulty of nanocrystallization of the amorphous phase. As a result, only some limited Zr-Cu based metallic glasses can form the nanocrystalline structure through crystallization of the amorphous phase by thermal annealing.
The crystallization of the amorphous phase is induced not only by thermal annealing but other external factors such as electron irradiation, 14, 15) focused ion beam (FIB), 16) electropulsing 17, 18) and high pressure. 19) We found that electron irradiation can induce nanocrystallization of an amorphous phase in metallic glasses in which nanostructure cannot be easily realized by thermal annealing. 14, 20) The metastable nanocrystalline phase was formed from an amorphous phase by electron irradiation 21, 22) and the formation of crystallographically orientated nanocrystals under FIB irradiation 16) was reported. These novel results imply that electron irradiation to an amorphous phase is a new method to obtain the controlled nanocrystalline structure in metallic glasses.
Electron irradiation to the amorphous phase does not always promote the crystallization of this phase. In some amorphous alloys, the crystallization is suppressed by electron irradiation. 23) On the other hand, electron irradiation is known to induce the amorphization of crystalline phases in some intermetallics. 24, 25) The electron irradiation strongly affects the phase transformation between amorphous and crystalline phases. This unique characteristic indicates that electron irradiation to metallic glasses provides useful information on the high thermal stability of metallic glasses and the phase stability between amorphous and crystalline phases.
Mori et al. investigated the electron irradiation induced amorphization in detail and reported that the amorphization tendency of intermetallics under electron irradiation was correlated with the position of the compounds in the equilibrium phase diagram. Intermetallics whose position in the phase diagram is close to the composition of a deep valley of liquidus have a strong tendency toward amorphization. 25) The criterion of electron irradiation induced amorphization is the same as that of glass forming ability (GFA) of rapidly quenching of the melt. 26) In contrast, there are no clear criteria of electron irradiation induced crystallization of an amorphous phase. Considering the criterion of electron irradiation induced amorphization, electron irradiation induced crystallization may be closely related to the phase stability of an amorphous phase against thermal crystallization. In the present study, electron irradiation was performed to the amorphous phase of À1 by a single roller melt-spinning method in an Ar atmosphere. Some ribbons were annealed at the temperature below glass transition temperature (T g ) in a vacuum. Thermal properties of the ribbons as melt-spun were examined by differential scanning calorimeter (DSC) at a heating rate of 0.67 Ks À1 in an Ar atmosphere. Timetemperature-transformation (TTT) diagram was determined by isothermal annealing in the DSC furnace. Isothermal measurements were started just after the rapid heating of the alloy up to the required temperature at the constant heating rate of 0.83 Ks À1 . Structure of the ribbons as melt-spun and annealed was examined by X-ray diffractometry using Cu-K radiation, transmission electron microscopy (TEM) and high resolution transmission electron microscopy (HREM). Thin foils for TEM and HREM observation were prepared from the ribbons by twin jet polishing in a solution of 30% nitric acid and 70% methanol at about 243 K. Specimens of the amorphous alloys were irradiated with 1 or 2 MeV electrons in an ultra-high voltage electron microscope (UHVEM) H-3000 at the Research Center for Ultra-High Voltage Electron Microscopy in Osaka University. The applied dose rate was in the range from 1:1 Â 10 24 m À2 s À1 to 4:0 Â 10 24 m À2 s À1 , with the maximum total dose of 1:7 Â 10 28 m À2 . Irradiation was performed at room temperature (298 K) or about 103 K using liquid N 2 . Change in the crystal structure during electron irradiation was examined directly by bright field (BF) images and selected area diffraction (SAD) patterns in the UHVEM.
Results

Thermal properties of Zr-Cu based amorphous
alloys as melt-spun The amorphous single phase in Zr 66:7 Cu 33:3 , Zr 65:0 Al 7:5 Cu 27:5 and Zr 65:0 Al 7:5 Ni 10:0 Cu 17:5 alloys as meltspun was confirmed by X-ray diffraction patterns, BF images and SAD patterns in TEM observation. 14, 22) The HREM images of the melt-spun specimens showed isotropic mazelike pattern without any regions that display fringe-like contrast corresponding to the medium range ordered structure proposed by Hirotsu et al. 27) or a nanocrystalline cluster. These results indicate that melt-spun specimens are composed of full glassy structure with no crystallinity.
In DSC measurement, all the melt-spun alloys began to transform from amorphous phase to supercooled liquid at the glass transition temperature (T g ) and kept the supercooled liquid state in a wide temperature range, followed by crystallization at the onset temperature of crystallization (T x ). Figure 1 shows T x , T g and ÁT x defined by the difference between T g and T x as thermal properties of the amorphous phase. The T x and ÁT x were often used for evaluation of thermal stability of amorphous alloys; the higher the T x and ÁT x values are, the higher the thermal stability of the amorphous alloy becomes. As the number of constituent elements increases, the T x monotonically increases from 668 to 752 K. In contrast, change in the T g is in a relative narrow temperature range of 30 K. As a result, the ÁT x has a great constituent element dependence and increases significantly with increasing the number of constituent elements. 28) In the evaluation of thermal stability of the amorphous phase, the onset time of the crystallization (t onset ) is also an important factor and can be estimated from TTT-diagram. Figure 2 shows TTT-diagram of the crystallization of the amorphous phase in Zr-Cu based metallic glasses constructed by isothermal annealing in a DSC furnace. The T g was determined by conventional DSC measurement. The onset of crystallization shifts to higher temperature and higher time with increasing the constituent elements. One can notice that a wide supercooled liquid region above T g is observed in all the alloys. Fig. 2 . This indicates that the thermal stability can be quantitatively evaluated by ÁT x even if T x and t onset are not used. Therefore, we evaluates the thermal stability of the amorphous phase in Zr-Cu based metallic glass by ÁT x from the view point of glass thermal stability (GTS) as the stability of amorphous phase against thermal crystallization in the present study.
Thermal crystallization behavior of the amorphous
phase in Zr-Cu based metallic glasses In order to investigate thermal crystallization process of the amorphous phase, partially crystallized specimens corresponding to A, C and E in Fig. 2 were prepared. To observe microstructures just after full crystallization, specimens corresponding to B, D and F are also prepared. The XRD patterns of A, C and E specimens consist of sharp diffraction peaks corresponding to a crystalline phase accompanied by overlapping a broad peak corresponding to an amorphous phase at around 2 ¼ 38 degree. All the sharp However, no nanocrystalline structures are obtained in partially or fully crystallized specimens. Thus, it is very difficult to obtain nanocrystalline structure in Zr-Cu based metallic glass by thermal annealing of the amorphous phase. There is a difference in the morphology of the amorphouscrystalline interface between the Zr 66:7 Cu 33:3 alloy and the others, i.e., the existence of the ruggedness at the growth interface. Smooth interface between the crystalline precipitates and the amorphous matrix is observed in Zr 66:7 Cu 33:3 alloy, while there is some ruggedness at the growth interface in Zr 65:0 Al 7:5 Cu 27:5 alloy and bct-Zr 2 Cu precipitates grow with a dendritic mode. Significant ruggedness of the interface is observed in Zr 65:0 Al 7:5 Ni 10:0 Cu 17:5 alloy. No change in composition between the crystalline phase and the amorphous phase in Zr 66:7 Cu 33:3 alloy can be observed, indicating that the crystallization occurs through the polymorphous reaction. In contrast, the growth of bct-Zr 2 Cu phase in Zr 67:5 Al 7:5 Cu 27:5 and Zr 65:0 Al 7:5 Ni 10:0 Cu 17:5 amorphous alloys is accompanied by the redistribution of the solute atoms. The redistribution at the amorphous-crystalline interface affects the growth behavior of crystalline precipitates in the glassy matrix of amorphous or liquid phase, and hence the morphology and grain size of bct-Zr 2 Cu crystalline phase. The effect of constituent element on thermal crystallization will be discussed in detail later.
Electron irradiation to the amorphous phase in Zr-
Cu based metallic glasses The amorphous phase of Zr 66:7 Cu 33:3 , Zr 65:0 Al 7:5 Cu 27:5 and Zr 65:0 Al 7:5 Ni 10:0 Cu 17:5 alloys was not stable under irradiation with 1 or 2 MeV electrons at 298 K or 103 K, and the crystallization occurred at a significantly lower temperature than the usual annealing temperature. The acceleration of crystallization by electron irradiation is not due to the temperature increase by electron irradiation but irradiation knock-on effect because the temperature increase is estimated to be less than 10 K from the model proposed by Kiritani et al. in the present study. 32) Figure 5 shows change in BF images and the corresponding SAD patterns of the amorphous phase in Zr 66:7 Cu 33:3 alloy during irradiation with 2 MeV electrons at 298 K as the typical example of electron irradiation induced crystallization of amorphous phase in Zr-Cu based metallic glasses. In the melt spun specimen featureless contrast image is seen in Fig. 5(a) and the corresponding SAD pattern shows only broad halo rings without crystalline phase. At the total dose of 1:1 Â 10 27 m À2 , dark and bright granular contrast image with the size of about 10 nm can be observed and Debye rings appear; the amorphous phase of Zr 66:7 Cu 33:3 alloy can not maintain the full glassy structure and nanocrystallization is induced by electron irradiation. At the further electron irradiation, the intensity of Debye rings increased with decreasing that of halo rings. The quantity of the nanocrystalline precipitates increased with total dose, while no significant change in the size of granular contrast region during electron irradiation occurred. Therefore, electron irradiation induced crystallization of the amorphous phase is effective in formation of nanocrystalline structure. The crystallization behavior by electron irradiation is quite distinct from thermal crystallization. More detailed information on electron irradiation induced crystallization can be obtained from the analysis of the electron diffraction intensity profiles at different total dose. The profiles of Zr 66:7 Cu 33:3 alloy after irradiation with 2 MeV electrons at 298 K are shown in Fig. 6 , together with the result of the fully crystallized specimen by thermal annealing. The intensity profile of the melt-spun specimen shows only a broad peak corresponding to amorphous phase. At 1:1 Â 10 27 m À2 , some sharp peaks appear. The peaks can not be indexed to thermally equilibrium bct-Zr 2 Cu crystalline phase or icosahedral quasicrystalline phase [29] [30] [31] but fit to the positions corresponding to metastable fcc-Zr 2 Cu phase. At 6:4 Â 10 27 m À2 , the intensity of diffraction peaks for fccZr 2 Cu phase more increases accompanied by weakening a broad peak corresponding to amorphous state than that at 1:1 Â 10 27 m À2 . No other diffraction peaks for amorphous Electron
and fcc-Zr 2 Cu phases are observed during electron irradiation. Figure 7 shows BF images and the corresponding SAD 
27 m À2 , which is a typical example of nanocrystalline structure obtained by electron irradiation induced crystallization of the amorphous phase in Zr-Cu based metallic glass. Crystalline lattice image with nanoscale grain size of about 10 nm embedded in maze-like contrast corresponding to an amorphous phase can be seen. The crystalline precipitate indicated by an arrow has a threefold symmetry and lattice fringe with a distance of about 0.24 nm which corresponds to the plane spacing of (111) The above results clearly show that electron irradiation effectively induces the crystallization of the amorphous phase which shows high thermal stability. Furthermore, nanocrystalline structure composed of nanocrystalline precipitates with the size of the order of 10 nm and amorphous matrix is easily obtained by the electron irradiation induced crystallization even in metallic glasses which rarely show nanocrystalline structure during thermal annealing.
There is no difference in phase selection for electron irradiation induced crystallization of the amorphous phase in Zr 66:7 Cu 33:3 , Zr 65:0 Al 7:5 Cu 27:5 and Zr 65:0 Al 7:5 Ni 10:0 Cu 17:5 alloys. The phase stability of the amorphous phase against electron irradiation can be evaluated by the total dose required for precipitation of this crystalline phase. In the present study, the critical total dose is defined as the total dose at which Debye rings and/or diffraction spots corresponding to fcc-Zr 2 Cu crystalline phase appear in SAD pattern during electron irradiation. Figure 9 shows the typical example of total dose vs. ÁT x diagram of Zr-Cu based metallic glasses electron irradiation with 1 MeV at 103 K. There is a clear tendency that the total dose increases with increase in the ÁT x . The high thermal stability of large ÁT x suppresses the electron irradiation induced crystallization rate, resulting in the increase of the phase stability of the amorphous phase against electron irradiation.
Discussion
Thermal properties and thermal crystallization
behavior of Zr-Cu based amorphous alloys The redistribution of solute elements at the amorphouscrystalline interface affects the growth behavior of crystalline precipitates in an amorphous phase such as the morphology and grain size of bct-Zr 2 Cu crystalline phase. The constitutional undercooling is due to the redistribution of the solute elements which influences the interface stability. The undercooling enhances the perturbation at the shape of growth interface. Smooth growth interface can hardly be obtained when the constitutional undercooling contributes to the growth of crystalline precipitates embedded in an amorphous phase. Dendritic growth mode of precipitates is often observed when the constituent supercooling increases and the perturbation of the interface greatly develops. As a result, the unstable morphology of the growth interface was observed in Zr 65:0 Al 7:5 Cu 27:5 and Zr 65:0 Al 7:5 Ni 10:0 Cu 17:5 alloy whose crystallization was performed by the redistribution of solute elements, while Zr 66:7 Cu 33:3 alloy crystallized in a polymorphic mode and showed the smooth interface with little ruggedness.
The redistribution of the solute elements in crystal growth means the atomic rearrangement of the constituent elements on a long-range scale in the amorphous phase at the growth interface. Considering that there is no difference in phase Electron Irradiation Induced Crystallization of the Amorphous Phase in Zr-Cu Based Metallic Glasses with Various Thermal Stabilityselection at thermal crystallization, the long-range atomic diffusion for crystallization leads the difficulty of atomic rearrangement from the glassy to crystalline structure, resulting in the retardation of the crystal growth rate in ZrCu based metallic glass. Inoue et al. have suggested that the significant extension of the supercooled liquid region before crystallization in Zr-Cu based metallic glasses is due to not only the suppression of nucleation of a crystalline phase but the difficulty in the long-range atomic diffusion of the constituent elements for the precipitation of crystalline phases from the view points of the topologically and chemically dense random packing (DRP) atomic structure. 33, 34) This implies that the degree of difficulty for the crystal growth in the amorphous phase is in the order of 
Thermal stability of the amorphous phase
In the present study, the thermal stability of the amorphous phase in Zr-Cu based metallic glasses was quantitatively evaluated by ÁT x as the stability of amorphous phase against thermal crystallization. The Thermal crystallization of the amorphous phase always accompanies with the atomic diffusion in thermal activation process. The thermal atomic diffusion of constituent atoms in the amorphous phase is the dominant factor for the thermal crystallization and the thermal stability of the amorphous phase. The suppression of the atomic diffusion in the amorphous phase leads the increase of the thermal stability of this phase. The atomic diffusion in the amorphous phase is very sensitive to the degree of DRP atomic structure from topological and chemical points of view. The DRP structure of the amorphous phase in Zr-Cu based metallic glass can be discussed by three empirical rules for the achievement of large glass-forming ability, i.e., (1) multicomponent alloy systems consisting of more than three elements, (2) significantly different atomic size ratios above about 12%, and (3) optimum negative heats of mixing among the constituent elements. The degree of DRP atomic structure increases topologically and chemically with increase in the degree of satisfaction of the three empirical rules in Zr-Cu based metallic glasses. 33, 34) The thermal stability of the amorphous phase can be explained by the difficulty of thermal atomic diffusion and thermal crystallization behavior based on the unique atomic structure in Zr-Cu based metallic glasses.
4.3
The dominant factor of the occurrence of electron irradiation induced crystallization In the present study, the occurrence of electron irradiation induced crystallization of the amorphous phase was confirmed in all the Zr-Cu based metallic glasses. We have suggested that there are two important factors for electron irradiation induced crystallization behavior of an amorphous phase: (1) the atomic diffusion promoted by electron irradiation in an amorphous phase and (2) the phase stability of crystalline phases against electron irradiation. Electron irradiation induced crystallization of the amorphous phase occurs, when the two factors are satisfied simultaneously. 15, 20) The promotion of atomic diffusion in an amorphous phase is necessary for crystallization. The atomic diffusion is promoted not only by the thermal annealing but by electron irradiation. The elastic collision between irradiation electrons and constituent atoms occurs in an amorphous phase under electron irradiation. The elastic collision effect on the constituent atoms is very sensitive to the energy of collision particles, and the energy of irradiation electrons is proportional to the acceleration voltage. When high energy electrons whose acceleration voltage is above the threshold value are irradiated, the dynamic displacement of the constituent atoms occurs. This phenomenon is called the electron knock-on effect and it promotes the atomic diffusion. The threshold acceleration voltage of electron irradiation in several crystalline metals was reported: 140 keV [35] [36] [37] and 170 keV 38) for Al atom, 420 keV [39] [40] [41] and 440 keV 42) for Ni and 400 keV for Cu. 38, 43, 44) The acceleration voltage of 400 keV is believed to be sufficient for direct displacement of Zr atoms in crystalline alloys. 45) In contrast, there are no reports about the threshold acceleration voltage of the amorphous phase even the ordinary amorphous alloys such as Zr-Ni and Ni-Si-B. In the present study, the applied acceleration voltage of 1 MV or 2 MV is two times larger than the threshold acceleration voltage of Zr, Al, Ni and Cu atom in crystalline alloys. Therefore, the dynamic atomic diffusion in the amorphous phase may be induced by electron irradiation in Zr-Cu based metallic glasses.
The electron knock-on effect occurs not only in the amorphous phase but in crystalline phases. In crystalline alloys, destruction of the crystalline structure or the decrease in the degree of order often occurs through the displacement of atoms. If a crystalline phase could not maintain the original crystal structure against the displacement of constituent atoms by the electron knock-on effect, it would transform other crystalline or amorphous phases with more 20 T. Nagase and Y. Umakoshi stable structure under electron irradiation. Only crystalline phases which maintain their original structure under electron irradiation precipitate from an amorphous phase.
To investigate the phase stability of crystalline phases against electron irradiation, we performed electron irradiation to the bct-Zr 2 Cu crystalline phase. Figure 10 shows the results of electron irradiation to bct-Zr 2 Cu crystalline phase at 298 K at the acceleration voltage of 2 MV in Zr 66:7 Cu 33:3 alloy, as a typical example of the electron irradiation induced phase transformation of bct-Zr 2 Cu crystalline phase. BctZr 2 Cu crystalline precipitates were obtained by thermal annealing of an amorphous phase at 593 K for 2 Â 10 4 s. At the total dose of 4:4 Â 10 26 m À2 , no difference between nonirradiated and irradiated specimens was observed in BF image (a) and corresponding SAD pattern (e); the bend contour and the typical electron diffraction patterns of bctZr 2 Cu crystalline phase were observed. The bend contour gradually disappeared with the increase in total dose as shown in Figs. 10(b) and (c). Concurrently, halo rings corresponding to an amorphous phase appeared in addition to bct-Zr 2 Cu spots. The intensity of halo rings increased with increasing the total dose while the bct-Zr 2 Cu spots were weakened. This shows that the phase stability of bct-Zr 2 Cu crystalline under electron irradiation is not high to maintain the original structure against electron knock-on effect and amorphization of this phase occurs. If the number of displacement atoms by the electron knock-on effect exceeds that of the recovery of the original positions in atomic sublattices by thermal diffusion, electron irradiation induced displacement damages accumulates in the crystalline phase with the total dose. Such situation may be realized in bctZr 2 Cu crystalline phase. As a result, the amorphization occurs when the quantity of the accumulated defects reaches the ultimate limit to maintain the bct structure in Zr 66:7 Cu 33:3 alloy. At the total dose of 1:7 Â 10 28 m À2 , dark and bright granular contrast about 10 nm in size appears from a featureless contrast at the central part of the irradiated area in BF image (d). Not only halo rings which existed previously but Debye rings which newly appear are visible in SAD pattern (h). The Debye rings can be indexed by the fcc-Zr 2 Cu crystalline phase. No bct-Zr 2 Cu and quasicrystalline phases were confirmed. A nanocrystalline duplex structure composed of nanoscale fcc-Zr 2 Cu precipitates and an amorphous phase was formed through the electron irradiation induced crystallization of the amorphous phase which was induced by electron irradiation induced amorphization of bct-Zr 2 Cu crystalline phase. At the further electron irradiation, no additional phase transformation occurred. This indicates that fcc-Zr 2 Cu phase has high phase stability against electron knock-on effect and can exist stably under electron irradiation. It is reported that fcc-Zr 2 Cu crystalline phase was formed in Zr 67 Cu 33 alloy during high energy ball milling. The mechanical milling process as well as electron irradiation introduce a great number of lattice defects in crystalline phases. The fcc-Zr 2 Cu crystalline phase may have high stability against the introduction of lattice defects.
The electron irradiation induced crystallization of the amorphous phase in Zr 66:7 Cu 33:3 , Zr 65:0 Al 7:5 Cu 27:5 and Zr 65:0 Al 7:5 Ni 10:0 Cu 17:5 alloys is caused by the simultaneous satisfaction of the following two factors; the one is high phase stability of fcc-Zr 2 Cu crystalline phase against electron knock-on effect enough for maintaining the original crystal structure under electron irradiation, and the other is the promotion of atomic diffusion in the amorphous phase enough for changing the glassy structure. Electron irradiation can induce the crystallization of the amorphous phase with the highest thermal stability among metallic glasses reported up to date, and this crystallization behavior can be explained by two important factors of electron irradiation induced crystallization behavior. The occurrence of electron irradiation induced crystallization of the amorphous phase cannot be discussed only by the thermal stability of the amorphous phase. In other words, GTS is not the criterion for the occurrence of electron irradiation induced crystallization of the amorphous phase.
4.4
Relationship between thermal stability and phase stability of the amorphous alloy against electron irradiation induced crystallization As the degree of DRP atomic structure increases topologically and chemically, the atomic configuration becomes more closely packed and the atomic interaction nature among constituent atoms increases within a short range, resulting in the suppression of the thermal diffusion. Increase in the degree of DRP atomic structure is considered to suppress not only the atomic diffusion in thermal activation process but the displacement of constituent atoms in an amorphous phase by the electron knock-on effect. The increase in the degree of DRP structure may decrease the atomic displacement rate by electron irradiation and induce an increase in the threshold total dose for crystallization in Zr-Cu based metallic glasses.
The occurrence of electron irradiation induced crystallization of the amorphous phase cannot be judged only by the thermal stability of the amorphous phase. In contrast, the kinetics of electron irradiation induced crystallization can be evaluated by the thermal stability of the amorphous phase belonging to metallic glasses which electron irradiation induced crystallization occurs and there is no difference in phase selection of electron irradiation induced crystallization.
Conclusions
The thermal and electron irradiation induced crystallization behavior of the amorphous phase in (4) The total dose required for electron irradiation induced crystallization monotonously increased with increasing ÁT x in Zr-Cu based metallic glasses. Increase in the thermal stability of the amorphous phase is effective in increasing the phase stability of the amorphous phase by electron irradiation induced crystallization. (5) Bct-Zr 2 Cu phase with coarse grain size precipitated from the amorphous phase by thermal annealing and nanocrystalline structure was rarely obtained. In contrast, nanocrystalline structure of fcc-Zr 2 Cu crystalline precipitates with the grain size of about 10 nm embedded in an amorphous matrix was formed by electron irradiation induced crystallization. Electron irradiation to an amorphous phase is very effective in obtaining unique nanocrystalline structure.
